Wolbachia is a cytoplasmically inherited alpha-proteobacterium found in a wide range of host arthropod and nematode taxa. Wolbachia infection in Drosophila is closely associated with the expression of a unique form of post-fertilization lethality termed cytoplasmic incompatibility (CI). This form of incompatibility is only expressed by infected males suggesting that Wolbachia exerts its effect during spermatogenesis. The growth and distribution of Wolbachia throughout sperm development in individual spermatocysts and elongating sperm bundles is described. Wolbachia growth within a developing cyst seems to begin during the pre-meiotic spermatocyte growth phase with the majority of bacteria accumulating during cyst elongation. Wolbachia are predominantly localized in the proximal end of the immature cyst, opposite the spermatid nuclei, and throughout development there appears little movement of Wolbachia between spermatids via the connecting cytoplasmic bridges. The overall number of new cysts infected as well as the number of spermatids/cysts infected seems to decrease with age and corresponds to the previously documented drop in CI with age. In contrast, in one CI expressing line of Drosophila melanogaster, fewer cysts are infected and a much greater degree of variation in numbers is observed between spermatids. Furthermore, the initiation and extent of the fastest period of Wolbachia growth in the D. melanogaster strain lags behind that of Drosophila simulans. The possible implications on the as yet unexplained mechanism of CI are discussed. q
Introduction
Wolbachia are rickettsial-like bacteria that infect a wide variety of mainly arthropod hosts. Maternally inherited, Wolbachia have evolved a number of different strategies for manipulating host reproduction, which results in increased transmission in the population. These manipulations include feminization, male killing, induced parthenogenesis, and cytoplasmic incompatibility (CI) (for recent reviews see Stouthamer et al., 1999; McGraw and O'Neill, 1999) . Recently, Wolbachia have also been found in nonarthropod hosts, most notably filarial parasitic nematodes (Sironi et al., 1995; Bandi et al., 1998) .
The most common phenotype associated with Wolbachia infection in Drosophila is CI, a form of post-fertilization reproductive failure. CI is expressed when an infected male mates with an uninfected female, resulting in a reduced number of viable offspring produced -all other possible crosses are compatible (Fig. 1) . Wolbachia was first documented as a causative agent of CI in Diptera by Yen and Barr (1973) and since has been described in several Arthropod orders including Acarina (Breeuwer and Jacobs, 1996) , Coleoptera (Wade and Stevens, 1985) , Homoptera (Hoshizaki and Shimada, 1995) , Hymenoptera (Reed and Werren, 1995) , Isoptera (Bandi et al., 1997) , Lepidoptera (Brower, 1976) and Orthoptera (Kamoda et al., 2000) . This phenomenon has been studied most extensively in Drosophila simulans.
CI is not the trivial consequence of Wolbachia-infected sperm, as Wolbachia are completely removed from developing sperm bundles during individualization (Binnington and Hoffmann, 1989; Snook et al., 2000) . In an incompatible cross, although the sperm successfully enters the egg, paternal chromosomes fail to properly decondense and fuse with maternal chromosomes before entering the first mitotic division (Lassy and Karr, 1996) . The result is aberrant chromatin in asynchronous mitosis, with the maternal chromosomes entering mitosis before the paternal chromosomes, leading to early embryonic lethality (Lassy and Karr, 1996; Callaini et al., 1997) . In a compatible cross, an infected female can somehow 'rescue' the modified sperm when mated to an infected male, resulting in normal development. Neither mechanism of CI modification or female-mediated CI rescue is currently known.
A theoretical explanation of the population dynamics of CI was first suggested by Caspari and Watson (1959) who pointed out that in a population with both infected and uninfected individuals, infected females have a higher fitness than uninfected females. The result is either fixation within a population or a stable polymorphism, depending on the presence of other factors that modify rates of incompatibility, transmission or fitness of carriers (Caspari and Watson, 1959; Fine, 1978; Hoffmann et al., 1990; Turelli, 1994) . The spread of a CI-causing Wolbachia strain in D. simulans in California has been observed and well documented (Hoffmann et al., 1990; Turelli and Hoffmann, 1991, 1995) . The rate of spread through a population can be explained by models describing the magnitude of incompatibility (# of eggs unhatched in an incompatible cross) and the maternal transmission rate, both of which are lower in the field than in the lab (Turelli and Hoffmann, 1995; Clancy and Hoffmann, 1998) . A number of factors have been identified which can have an effect on levels of CI in Drosophila. These include Wolbachia strain (Hoffmann et al., 1996; Bourtzis et al., 1998; Merçot and Poinsot, 1998; James and Ballard, 2000) , host strain (Boyle et al., 1993; Poinsot et al., 1998) , host age (Turelli and Hoffmann, 1995; Clancy and Hoffmann, 1998; Snook et al., 2000) , heat shock (Clancy and Hoffmann, 1998; Snook et al., 2000) , larval environment (Clancy and Hoffmann, 1998) and mating history .
Bacterial load has been shown to be correlated with the expression of Wolbachia-induced phenotypes in many species including CI in Drosophila (Boyle et al., 1993; Bourtzis et al., 1996; Poinsot et al., 1998) , Nasonia vitripennis (Breeuwer and Werren, 1993) , Aedes albopictus (Sinkins et al., 1995a) , Laodelphax striatellus and Sogatella Fig. 1 . Cytoplasmic incompatibility. Of the four different mating combinations between Wolbachia-infected flies (red) and uninfected flies (black), one cross (uninfected females £ infected males) results in few or no viable offspring. With perfect maternal transmission, all offspring of an infected female are themselves infected. The result is a rapid increase in the frequency of Wolbachia-infected individuals when introduced into uninfected populations.
furcifera (Noda et al., 2001 ). In Muscidifurax uniraptor, when Wolbachia densities were experimentally manipulated via differential doses of antibiotics, the ability of Wolbachia to induce parthenogenesis was correlated with bacterial load (Zchori-Fein et al., 2000) . In Drosophila bifasciata, male killing is correlated with a threshold bacterial density (Hurst et al., 2000) .
Five distinct Wolbachia types have been described in D. simulans: wRi, first isolated from Riverside, CA (Hoffmann et al., 1986) , and wHa, first found in Honolulu, HI (O'Neill and Karr, 1990) , cause strong CI; wNo, found in flies from Nouméa, New Caledonia (Merçot et al., 1995) , causes weak CI; and wAu, isolated first from Australia (Hoffmann et al., 1996) , and wMa, from Mont d'Ambre, Madagascar (Merçot et al., 1995) , have no detectable effect on reproduction. The global distributions and interactions between these different Wolbachia types are beginning to be described (recently reviewed in James and Ballard, 2000) . Different strains of Wolbachia seem to be able to cause different forms of CI. The result can be bi-directional incompatibility, where strains become incompatible with each other when infected with different strains of bacteria (O'Neill and Karr, 1990) . When multiply infected with two or three different CI types, the effect on CI is additive (Sinkins et al., 1995b; Poinsot et al., 2000) . A triple infected male is incompatible both with uninfected females as well as those infected singly or doubly but not females triply infected. How these bacteria differentially modify sperm as well as rescue is as yet unknown.
Based on 16S rDNA and Wolbachia surface protein gene (wsp) sequences, Drosophila melanogaster apparently harbors a single strain of Wolbachia (wMel). However, other data clearly indicate that all melanogaster Wolbachia strains tested so far belong to two distinct classes: those which induce CI and those which do not. The molecular bases for these differences is currently unknown. The phenotype is moderate to low or non-existent CI, depending on the host genotype (Holden et al., 1993; Hoffmann et al., 1994; Solignac et al., 1994; Bourtzis et al., 1994 Bourtzis et al., , 1996 . The wMel lineage is distinct from wRi and wHa but closely related to wAu . Host factors are largely responsible for the differences in CI. wRi transfer into D. melanogaster results in low levels of CI (Boyle et al., 1993) , whereas wMel transfer into D. simulans results in high levels of CI .
In the first cytological examination of Wolbachia during spermatogenesis in D. simulans, Binnington and Hoffmann (1989) detected the presence of bacteria, surrounded by three membranes, in spermatocytes and/or pigment and muscles within testes via transmitted electron microscopy. Wolbachia was never observed in fat bodies, gut cells, malpighian tubules, accessory glands or ejaculatory ducts. Wolbachia was rarely observed in testes from aged males, which is consistent with the finding that CI decreases with male age (Turelli and Hoffmann, 1995; Clancy and Hoffmann, 1998) . In an analysis of Wolbachia in sperm cysts using the DNAspecific dye, 4 0 ,6-diamidino-2-phenylindole (DAPI), Bressac and Rousset (1993) also observed a decrease in the number of infected mature cysts with age. Furthermore, there was no apparent change in the number of symbionts in those cysts that remained infected in aged males. There are two known costs associated with Wolbachia infection in males: (1) the expression of CI; and (2) a reduction in the rate of sperm production. Infected males produce fewer sperm cysts during the first 10 days of adult life. This reduction in sperm cyst numbers has been correlated with a reduction in egg hatchability, presumably due to reduced sperm production relative to uninfected males (Snook et al., 2000) . A similar cost has been observed in infected females, which produce fewer eggs than uninfected females (Hoffmann et al., 1990) . This cost can be reduced by heat shock (Snook et al., 2000) , which has been shown to also reduce rates of CI as does multiple mating by males .
Very little is currently known either about how Wolbachia infection affects spermatogenesis or the overall behavior of Wolbachia during spermatogenesis. Most previous cytological examinations have been restricted to the behavior of Wolbachia in the developing embryo in an attempt to understand the mechanism of Wolbachia-mediated rescue of modified sperm. Early in development, Wolbachia are distributed mainly around the cortex of the egg (Boyle et al., 1993; Callaini et al., 1994) . During syncytial blastoderm formation, Wolbachia associate with astral spindle fibers in the early embryo (Kose and Karr, 1995) . Relatively little is known about the growth and proliferation of Wolbachia during spermatogenesis. Previous descriptions have looked only at a single stage, the mature, elongated cysts, and relied on nucleic acid stains for visualization, with little attention given to details of development (Bressac and Rousset, 1993; Snook et al., 2000) .
In this paper we describe the growth and proliferation of Wolbachia in spermatogenesis in D. simulans Riverside during cyst development -from the spermatocyte growth phase, through meiosis and throughout spermatid maturation as well as during testis development -from third instar larva to adult old age. We contrast this pattern of Wolbachia growth and proliferation to an infected CI-causing strain of D. melanogaster Bermuda. Close observation of Wolbachia during crucial events in sperm formation along with those previously described in embryogenesis and future molecular studies should provide important new insights into the biology of CI as well as into the evolution of the bacterial/host symbiosis.
Results
The overall Wolbachia distribution within a developing testis is not readily obvious when viewed in whole-intact testes, as several different cysts at different stages of development are present in a tightly packed and elongated cylin-der. Fig. 2B shows Wolbachia in a whole testis from a recently eclosed fly. Individual-infected cysts can be seen, although without much detail. To provide a context for the testis seen in Fig. 2B , an idealized schematic of the different stages of spermatogenesis and their approximate locations within a mature-uninfected Drosophila testis is shown in Fig. 2A . Wolbachia in specific stages of cyst development are discussed in Section 3.1. For a recent review of spermatogenesis see Fuller (1993) and for a detailed analysis of sperm individualization see Fabrizio et al. (1998) .
Wolbachia distribution during cyst development
Cysts of DSR are clearly infected prior to the initiation of meiosis (Fig. 3) . By the 16-spermatocyte stage shown in Fig. 3A , each cell has approximately 50 Wolbachia distributed throughout the cytoplasm (estimated from those spermatocytes which have become dislocated from the cyst and in which total bacteria numbers may be counted) (Fig. 3A) . In another, larger and older 16-spermatocyte cyst (Fig. 3B ), a greater number of Wolbachia are present which is similar to a cyst during meiosis I (Fig. 3C ). In general, by the 64-cell spermatocyte stage fewer Wolbachia/cell are observed. The total number of Wolbachia/cyst does not seem to be noticeably different as meiosis progresses (compare overall Wolbachia at the 16-spermatocyte stage ( Fig. 3B ) to that in meiosis I (Fig. 3C ) and the 64 spermatocyte stage (Fig.  3D) ). This suggests the absence of significant Wolbachia growth during meiosis that does not keep pace with the increase in cell numbers and volume within a cyst that occurs during reductional divisions. This lack of significant growth may not be surprising due to the short time period required for meiosis relative to the approximately 250 h required for spermatogenesis. During the growth phase and the initial stages of meiosis, Wolbachia are distributed throughout the cytoplasm (Fig. 3A,B) . (The strictly cytoplasmic location of Wolbachia in those cysts where discrete nuclei are observed has been confirmed by carefully examining series of single optical slices as well as staining of cytoplasm with an anti-vasa antibody, kindly provided by R. Lehmann (data not shown).) It is unclear if there is direct interaction during meiosis between the Wolbachia and centrosome-organized microtubules as has been previously shown in early embryo development (Kose and Karr, 1995) . Following the completion of meiosis subcellular reorganization of the bacteria takes place. As the haploid spermatids first begin elongation, Wolbachia aggregate near the periphery of the spermatocytes. This may be due to displacement to the edge of each cell by the nucleus and forming Nebenkern (a site of mitochondrial fusion) or the result of a more active process (Fig. 3D,E) . Wolbachia become segregated to the distal side of the spermatid as elongation begins, separated from the condensing nuclei by the 'leaf blade' stage, post-Nebenkern mitochondrial derivative (Fig. 3F ). The majority of Wolbachia accumulation appears at around the initiation of spermatid elongation. As a result of the Wolbachia localization and replication coincident with axoneme growth, the majority of Wolbachia are at the end of the spermatocyte away from the nuclei (Fig. 3G-K,O) . In a mature, elongated cyst, the largest accumulation of Wolbachia is observed at the distal end, with decreasing numbers toward the apical (nuclear) end. A secondary, lesser accumulation of Wolbachia is seen just adjacent to the nuclei (Fig. 3G-L,O) . This polarized distribution in the cyst persists throughout elongation and is observed in the waste bag following sperm individualization (Fig. 3M,N) . Although it was not a goal of this study, we do note that we observed no obvious gross differences in spermatid nuclear shaping or individualization between infected and uninfected cysts or those from uninfected testes. This is consistent with previous studies (Binnington and Hoffmann, 1989; Bressac and Rousset, 1993; Snook et al., 2000) .
Wolbachia distribution during testis development
In the testis of third instar larvae, meiosis is initiated and the earliest stages of spermatid elongation are observed. In these cysts abundant Wolbachia are clearly seen (Fig. 4) . In a whole larval testis, the majority of cysts are infected (Fig.  4A ). In the adjacent sheath of fat bodies, a mosaic of Wolbachia infection is seen (Fig. 4A,B) . The appearance of Wolbachia in these first cysts does not appear to be fundamentally different from that of cysts of an equivalent stage from a newly eclosed adult ( Fig. 4C-E) . Variation in Wolbachia numbers was observed in both larval and adult cysts (data not shown). However, at these early stages of cyst development, it is unclear if this variation is due to different stages of development or true differences in bacterial density between cysts. By the elongation stage, however, no obvious differences in bacterial numbers either between or among cysts were observed.
Wolbachia numbers within testes increase throughout pupal development (Fig. 5A-D) likely due to increasing numbers of Wolbachia in an increasing number of developing-infected cysts.
The greatest number of infected cysts seems to occur sometime near or after the time of eclosion (compare testes from successive stages of pupae development (Fig. 5) , a testis from a newly eclosed male (Fig. 1B) and a testis from an aged male (Fig. 6H) ). As previously reported by Bressac and Rousset (1993) , we observed a decrease in the number of cysts infected with age. An overall reduction in infected cysts is seen sometime after eclosion, with a testis from an 11-day post-eclosion male often lacking infected cysts altogether (Fig. 6H) . While Wolbachia was sometimes seen in a few remaining mature cysts from 11-day-old males they were never observed in meiotic cysts (data not shown). Somatic cells of the testis are also frequently infected with Wolbachia. This is most obvious in older males, lacking infected cysts (Fig. 6H-J) . We frequently observed circumferential muscle cells harboring Wolbachia as well as somatic cells near the seminal vesicle, likely terminal epithelium cells, to which cysts attach prior to coiling (Tokuyasu et al., 1972) . The frequency of Wolbachia in muscle cells varies greatly among testes and is likely the result of stochastic loss of Wolbachia during development. The bacterial density in these somatic cells is greatest in older males (Fig. 6I,J) suggesting either continual bacterial growth or recruitment from other infected cells (perhaps the mature cysts themselves). Following sperm coiling and liberation into the seminal vesicle, the remainder of the cyst and the contents of the waste bag are taken up and degraded by the terminal epithelial cells (Tokuyasu et al., 1972) . This may be the source of some of the Wolbachia seen in the terminal epithelium. It is unclear what effect, if any, this accumulated Wolbachia within the terminal epithelium has on proper sperm coiling.
Micro-heterogeneity in cyst infection
In general, nearly all young adult DSR cysts are infected and display little intra-or inter-cyst variability. However, we have observed heterogeneity in cysts from older males.
Typically beginning around day 3 post-eclosion, partially infected cysts are observed (Fig. 6 ). Different patterns of micro-heterogeneity at various stages of cyst development were observed. For example, 4/16 adjacent spermatocytes are infected in . These patterns of infection suggest that these cysts originated from an infected primary spermatogonia, and the loss of Wolbachia occurred at different gonial cell divisions (see Section 4). Fig. 6G shows partial infection of a cyst during elongation.
Wolbachia infection in D. melanogaster
Similar to DSR, overall Wolbachia numbers increase with testis development. Fig. 7 shows Wolbachia within whole testes during pupal development (Fig. 7A-C) as well as in the testis from a newly eclosed adult (Fig. 7D) . As with DSR, it is difficult to resolve individual infected cysts in whole mount testes preparations, but fundamental differences between these two species were observed. The . The primary gonial cell undergoes four rounds of mitotic division before entering meiosis. Cytokinesis is not complete in either mitosis or meiosis, the result being 64 interconnected haploid cells. The cyst cells (gray, nuclei not shown) do not undergo division, rather they expand to form a continuous layer around the germ cells. Both cyst cells as well as germ cells comprise one cyst. Following the completion of meiosis, axoneme growth occurs as the cyst elongates, eventually growing the entire length of the testis with the sperm nuclei toward the seminal vesicle (SV). Individualization, the stripping away of the major mitochondrial derivative, as well as most cytoplasmic factors via the individualization complex (IC), a network of cytoskeletal factors which is seen as a bulge proceeding along in the cyst pushing the stripped away material into the waste bag (WB), a bulge in the tail end of the cyst, can be seen. The nuclear end of the cyst becomes anchored to the terminal epithelium (TE) followed by the coiling of tightly packed sperm tails prior to liberation into the seminal vesicle. (Adapted from: Tokuyasu et al., 1972; Fuller, 1993; Gönczy and DiNardo, 1996; Fabrizio et al., 1998 .) (B) Abundant Wolbachia is seen in different regions of a whole D. simulans testis. DNA is shown in red (PI) and Wolbachia are seen as yellow to green, depending on the relative staining intensity of the propidium and the Alexa Fluor 488-labeled secondary antibody. White arrowheads indicate spermatid nuclei from three cysts at different stages of maturation. Black arrowheads indicate Wolbachia in the distal end of three different cysts. It is impossible to adequately resolve the distribution of Wolbachia in cysts in early stages of development from an intact testis. Scale bar, 100 mm. most easily observed difference was the absence of polarized heavy accumulation of Wolbachia at the distal end of the cyst in the DMB strain (Fig. 8) . Four different DMB primary spermatocytes (16-cell stage) containing aggregates of Wolbachia near the edge of some cysts are either located in the cyst periphery or between spermatocytes within the cyst presumably within somatic cyst cells (Fig.  8A-D) . At the 64-cell stage, the majority of Wolbachia in infected DMB cysts are distributed unevenly throughout the cytoplasm of the spermatocytes (Fig. 8E) . During the initial stages of cyst elongation, little or no Wolbachia proliferation was observed. The accumulation of Wolbachia away from the nuclei, near the base of the growing axoneme, is completely absent, with Wolbachia only often visible along the edge of the cyst (Fig. 8F,G) .
Wolbachia proliferation in the DMB line was apparent during cyst elongation (Fig. 8H-K) . Clearly observable inter-and intra-cyst variation in bacterial numbers was observed with some infected cysts containing relatively few (Fig. 8H ) and others considerably greater (Fig. 8I ) levels of Wolbachia. This heterogeneity is also seen at the end of the cyst away from the nuclei (Fig. 8J,K) .
CI
Significant CI, as measured by the reduction in egg hatching, was observed in pair-wise crosses for both DSR and DMB lines (Table 1) . DSR males mated to DSRT females had high rates of CI, consistent with previous studies (O'Neill and Karr, 1990; Boyle et al., 1993) , while CI was lower in similar crosses between DMB males and DMBT females. We also note an inexplicably high level of egg death in crosses between DMBT males and DMBT females (approximately 25% egg lethality). CI in the DMB line was similar to other D. melanogaster lines (Hoffmann et al., 1994; Solignac et al., 1994; Bourtzis et al., 1994 Bourtzis et al., , 1996 . Fig. 3 . Wolbachia distribution and proliferation within individual cysts during meiosis and sperm elongation from DSR. DNA is shown in red (PI) and Wolbachia are seen as yellow to green, depending on the relative staining intensity of the propidium and the Alexa Fluor 488-labeled secondary antibody. Spermatocyte or spermatid nuclei are indicated with a black arrowhead while cyst cell nuclei are indicated with a white arrowhead when clearly distinguishable. (A) Prior to meiosis, at the 16-cell stage, abundant Wolbachia (yellow-green) are present (individual Wolbachia can be seen more clearly in the four cells to the right, which have been removed from the somatic cyst cells surrounding the cyst) with more Wolbachia seen in a larger, older 16-cell cyst (B). (C) Wolbachia within a cyst at anaphase I, and (D) Wolbachia at the completion of meiosis at the 64-cell stage and just prior to the initiation of elongation. Wolbachia can be seen in aggregates within each spermatid. A single enlarged spermatid, separated from other cells (E) has all Wolbachia to one side of the cell. (F) Upon initiation of elongation, Wolbachia are still at one side of the cell, adjacent to the leaf-stage mitochondria (m), which is distal to the nuclei (n). As elongation proceeds condensed nuclei (red) become increasingly visible at the top of each cyst (G-L). After elongation is complete, most cytoplasmic components, including Wolbachia, are stripped away from the sperm during individualization (M) and sequestered in the waste bag (N). An entire mature cyst is shown (O) with the distal end toward the left and nuclei to the right. All scale bars are 10 mm.
Discussion
The distribution, behavior and fate of Wolbachia in reproductive tissues are crucial to a full understanding of the cellular mechanisms of CI. Because Wolbachia are not present in mature sperm (Binnington and Hoffmann, 1989; Snook et al., 2000) , and because CI is expressed only in the fertilized egg, we assume that Wolbachia exerts its influence on future sperm during the earlier stages of spermatogenesis. Therefore, we undertook a detailed description of Wolbachia distribution in testes throughout spermatogenesis. This study utilized an improved method for the isolation and observation of testis tissue that should be of use for other studies where detailed examination of spermatocysts and mature testes are needed.
In DSR, Wolbachia numbers increase following spermatogonial mitosis, likely during the spermatocyte growth phase (Fig. 3A,B) and to a much greater extent during spermiogenesis until individualization (Fig. 3G-M) . Heterogeneity was found among and between spermatocysts, particularly in older males (Fig. 6) . The patterns and timing of this heterogeneity suggest that in order to account for the loss of Wolbachia in the partially infected cysts, Wolbachia growth takes place sometime after the mitotic divisions have begun. A simplified version of spermatogonial mitoses (Fig. 9) suggests a possible mechanism for the generation of the heterogeneity seen in Fig. 6A . Limited growth during the first two divisions results in stochastic loss in one spermatogonial cell. Subsequent divisions yield a subset of uninfected cells. Additional patterns of heterogeneity are observed (Fig. 6B-F) , suggesting that a loss of infection occurs at different stages of cyst development. One half of the cyst seems to be infected in Fig. 6E , suggesting a loss of infection at the first mitotic division, while a loss of Wolbachia in one of eight cells at the third mitotic division may account for the 56/64 infected spermatids seen in Fig. 6F .
The observation of partially infected cysts in DSR is contrary to that reported by Bressac and Rousset (1993) who explicitly state that there is no apparent change in the number of Wolbachia in cysts of older males. However, their study did not explicitly examine the very earliest stages of cyst development, but inferred infection history from patterns observed in mature spermatids, when heterogeneity is not always easily observed. The relationship between the micro-heterogeneity we observe and the level of CI is unknown. It has been suggested that there are two types of sperm produced by infected males, i.e. incompatible (those from infected cysts) and compatible (those from uninfected cysts) (Bressac and Rousset, 1993) . Our results suggest that this distinction can now be examined at the level of individual spermatids. If only 16 of 64 spermatids within a cyst are infected, are only 16 sperm-imprinted or is there a threshold level of Wolbachia within a cyst required for all sperm within Fig. 5 . Wolbachia distribution and proliferation in whole DSR testes during pupal development. Wolbachia abundance increases throughout testes development. Wolbachia localization within testes can be clearly seen towards the distal end of cysts (black arrowheads) as well as near the nuclei (white arrowheads). A few cysts can be seen in early pupal testes (A), with increasing numbers seen as testis development proceeds (B-D). Scale bars, 100 mm. that cyst to become imprinted? This will depend on the nature of the mechanism of incompatibility. There is restricted movement of Wolbachia between the interconnections that join cells within immature cysts that are partially infected (Fig. 6A-F) , and this restricted spatial localization is at least partially maintained throughout spermatid elongation (Fig. 6G) . Therefore, if the presence of Wolbachia within a spermatid is required for sperm imprinting, then only a fraction of sperm from partially infected cysts will express incompatibility. However, if partially infected cysts are capable of producing 64 incompatible sperm, the factor(s) responsible for modifying sperm must be diffuse or be transported between cells within a cyst, or imprinting must take place prior to meiosis and persist throughout mitosis, meiosis and sperm maturation. Knowledge of the molecular mechanism(s) of CI will be needed to answer this question.
From the decrease in infected cysts with age as well as partially infected cysts, it seems likely that the initial source of Wolbachia, probably within the stem cells themselves, either does not grow, or grows slower than it is depleted. This would explain why the number of cysts and spermatocytes within cysts decreases with age: the population of bacteria within stem cells becomes depleted. This also suggests that there is a threshold level of Wolbachia in a primary spermatogonial cell necessary for the infection of all spermatids within a cyst. For example, if there were no Fig. 7 . Wolbachia distribution and proliferation in progressively older DMB whole testes. Wolbachia abundance increases throughout pupal development (A-C) with the highest levels seen in the testis from a newly eclosed male (D). Narrower bands of Wolbachia (black arrowheads) are seen within infected cysts compared to DSR. Scale bars, 100 mm. pre-meiotic bacterial growth, and perfectly equal segregation to daughter cells, 16 Wolbachia in a primary spermatogonial cell would be the threshold level. The likely consequence of such lower than threshold levels of Wolbachia are diagramed in Fig. 9 .
Timing of Wolbachia growth in DSR
From our examination of Wolbachia levels and distribution throughout meiosis and sperm maturation, it is clear that the largest accumulation and most prolonged period of Wolbachia growth in DSR are during the cyst elongation. The distribution and timing of Wolbachia growth is very consistent and likely hints at the nature of the mechanism of sperm modification causing CI.
It is significant that most Wolbachia replication takes place following the completion of meiosis. It is well established that even though considerable translation must take place for the long duration of axoneme growth and sperm maturation, little or no post-meiotic transcription takes place (Olivieri and Olivieri, 1965) . Therefore, if the majority of Wolbachia produced as a result of post-meiotic bacteria replication contribute to CI, they clearly do not do so by exclusively altering transcription. This does not preclude a role for the modification of transcription by the relatively few Wolbachia/cell prior to the cessation of transcription.
The highest period of Wolbachia growth in DSR begins at the completion of meiosis and continues throughout axoneme elongation. The timing of bacterial growth correlates precisely with these developmental stages, which include dramatic changes in nuclear condensation and nuclear remodeling into densely packed, needle-like structures. It has been shown that CI results in abnormal chromatid separation during anaphase of the first embryonic mitosis (Lassy and Karr, 1996) , suggesting that Wolbachia may have affected chromatin condensation during nuclear maturation. However, unlike the dramatic chromosomal aberrations observed in the early embryo (Lassy and Karr, 1996) , no overt alterations in sperm nuclei are observed in this (e.g. Fig. 8 ) or in previous studies (Bressac and Rousset, 1993; Snook et al., 2000) . There may, however, be subtle effects on spermatid chromatin remodeling which we were unable to detect.
In addition to the timing of bacterial growth, the distribution of Wolbachia in maturing spermatids is suggestive. Our results clearly show a polarization of Wolbachia within the cyst that begins very early in cyst development (Fig. 3) and continues throughout cyst elongation. Most Wolbachia in an elongating cyst are in the distal end (Fig. 3O) , and thus become further removed from nuclei during elongation. If these late-accumulating Wolbachia affect events occurring at the nuclei, it is likely accomplished through a diffusible factor that must travel up to 1.8 mm (the length of a mature D. melanogaster cyst). There is, however, a secondary growth zone of Wolbachia that occurs in elongating spermatids adjacent to the nuclear region (Fig. 3L,O) . This localized Wolbachia growth, owing to its close proximity, may have a disproportional effect on the nuclei or an altogether different effect on sperm than those at the distal end. It is also possible that the Wolbachia growth during spermiogenesis is irrelevant to CI and only the Wolbachia present prior to or during meiosis cause CI.
What determines the specific distribution of Wolbachia within a cyst? The majority of Wolbachia, at the distal end of the DSR cysts, may simply have been displaced to that region of the cytoplasm by the relatively large nuclear and mitochondrial masses at the initiation of elongation (Fig.  3D,E) . A suggestive feature of the distribution of Wolbachia in DSR cysts is that it is coincident with the location of the fusome. This network of interconnected intercellular bridges created by incomplete cytokinesis is comprised of several cytoskeletal components (including F-actin, a-spectrin and at least one adducin-like protein) and persists well past meiosis in males (Hime et al., 1996) . After meiosis and prior to elongation, the fusome network connects the ring canals along the outer part of each spermatocyte, the specific distribution within each cell depending on its connectivity to other cells -spermatids created in the last meiotic division have only one ring canal and fusome material on only a fraction of the periphery of the cytoplasm, while cells created in the earliest divisions have multiple ring canals and fusome material around most of the periphery of the cell (Hime et al., 1996) . The distribution of Wolbachia in DSR just prior to elongation seems to confirm such a distribution, sometimes in a small arc at the outer edge of the cell in some spermatids and a semicircle or most of a circle in others (Fig. 3D,E) . Furthermore, the distribution of Wolbachia looks very similar to the fusome location after the initiation of elongation, which becomes a restructured connected network at the distal end of growing cysts (Hime et al., 1996) . Although studies are needed to determine the relationship between the fusome and Wolbachia, our results suggest both temporal and spatial interactions.
Wolbachia in the developing embryo are closely associated with and organized by host microtubules (Callaini et al., 1994; Kose and Karr, 1995) and the CI phenotype in embryos includes aberrant microtubules (Lassy and Karr, 1996; Callaini et al., 1996) . These studies suggest that an association between Wolbachia and microtubules may exist in spermatogenesis. What role, if any, this association may have in the mechanism of CI is unknown. Manipulation of the microtubule structure of sperm may disrupt its function. It has been shown that the entire sperm tail enters the egg at fertilization (Karr, 1991; Pitnick and Karr, 1998) and remains largely intact until hatching, and that a specific within-egg sperm tail confirmation is required for successful development (Alipaz et al., 2001) . If Wolbachia manipulate the construction of the axoneme (they are in an ideal location to do so -the distal end of the cyst is the site of new axoneme growth) it may have an effect on sperm function during fertilization in incompatible crosses.
The differences between the distribution and proliferation of Wolbachia in DSR and DMB are striking. While the levels of incompatibility in DMB are comparable to those observed in other strains of D. melanogaster, they are much lower than that seen in DSR. While Wolbachia are already abundant throughout the cytoplasm of primary spermatocytes at the initiation of meiosis in DSR, Wolbachia are rare or absent in DMB. Rather, Wolbachia observed in DMB are either at the very edge, or between spermatocytes and/or within the somatic cyst cells surrounding the spermatocytes (Fig. 8) . In  Fig. 8B , the few Wolbachia present clearly follow the contour of the area between spermatocytes. A projection of the same optical slices of the same cyst along the Y-axis, creating a side view, clearly shows that the bacteria are not within the cyst cells (data not shown). In mature, elongated infected DMB cysts, Wolbachia are found within spermatids (Fig. 8H-K) . Therefore, Wolbachia are either derived from a very small number present, and not easily observed, within the spermatids of early elongating cysts (Fig. 8F,G) , or are derived from those Wolbachia seen clearly in the somatic cyst cells or possibly intercellular spaces of earlier cysts ( Fig. 8A-E) . Regardless of their origin, the very low levels observed in early DMB cysts and the patchy distribution along the length of mature cysts suggest that the timing of bacterial growth in DMB is later than in DSR. Delayed bacterial growth may in part explain the reduced levels of CI in DMB (Table 1) . The events leading to high levels of CI likely require high bacterial titer within spermatids from the earliest stages. Likewise, the lack of very high levels of Wolbachia in the distal end of DMB cysts as compared to DSR may account for the differences in CI if the location of Wolbachia within a cyst is a limiting factor.
Methods

Drosophila lines
A Wolbachia-infected strain of D. simulans (DSR), originally collected in Riverside, CA (kindly provided by M. Turelli), is by far the most heavily studied Wolbachiainfected Drosophila and has high levels of infection and expression of CI. A Wolbachia-infected strain of D. melanogaster (DMB), obtained from the Bloomington Drosophila Stock Center, Indiana University (Stock # 3839), was established from four females collected in Bermuda in 1954. This line is infected with Wolbachia (see Section 3). All flies were grown on standard cornmeal/agar/ molasses media in uncrowded conditions at 258C.
Testes and cyst fixation and visualization
Testes with seminal vesicles attached were dissected in TBST (50 mM Tris, 150 mM NaCl, 0.1% Tween, 0.05% NaN 3 , pH 7.5) and transferred by pipette along with a small amount of buffer onto a poly-l-lysine coated slide. Individual cysts were then removed from the testes using two 0.1 mm diameter dissecting needles. Each needle was inserted into the testis near the apical hub and the epithelium was torn lengthwise by carefully moving one needle towards the distal end. One needle was then used to pick up the testis at the point where the testis attaches to the seminal vesicle and then lifted, while leaving the torn end within the drop of liquid. The surface tension of the liquid causes the contents of the testis to be expelled onto the slide. While contents were expelled, the testis was moved around the slide to disperse the individual cysts. Before the cysts settled and adhered to the slide, they were further separated using the needles. The tissue was then covered in a drop of TBST with 3.7% formaldehyde for 30 min. During this period, liquid was allowed to evaporate as cysts settled. The resulting surface tension facilitated intimate contact with the surface of the slide (the longer cysts, which tend to float, don't adhere easily to the slide if there is a large amount of liquid). More fixative was added if needed to prevent complete desiccation. Slides were then washed several times in TBST and incubated for 1 h at room temperature in TBST containing 1% BSA, 2 mg/ml RNAse A and a 1:500 dilution of anti-wsp Dobson et al., 1999) , a Wolbachia-specific antibody. An initial sample of this antibody was kindly provided by Dr Scott O'Neill. The incubation solution was then sealed in a coverslip incubation chamber (Molecular Probes) to prevent evaporation. After several washings in TBST, slides were then incubated for 1 h at room temperature in a 1:500 dilution of Alexa Fluor 488 goat anti-rabbit IgG (H&L) labeled antibody (Molecular Probes) in TBST with 1% BSA, subsequently washed in TBST, and stained with 1 mg/ml DAPI for 5 min followed by approximately 1 h in 5 mg/ml propidium iodide (PI). Most of the liquid was then aspirated from the slide and the tissue was covered by a drop of anti-fade mounting media (Molecular Probes) and overlaid with a cover slide. Whole testes were fixed and stained in a micro-centrifuge tube as described above prior to transfer and mounting.
Wolbachia and nuclei were visualized using a Zeiss LSM 510 confocal microscope with a Kr/Argon laser (488 nm) for detection of the Alexa Fluor 488-labeled Wolbachia, and a He/Ne laser (543 nm) for detection of PI-nucleic acid staining. Overlapping optical sections along the Z-axis were taken through the entire depth of the tissue. Optical sections were projected onto a single image and superimposed over a single transmitted light image of the same area. Hundreds of cysts at different stages were examined, and cysts exhibiting a typical infection are shown unless otherwise indicated.
CI assay
CI assays were performed for both the DSR and DMB lines as previously described in Boyle et al. (1993) . Tetracycline-treated Wolbachia-free lines were created (DSRT and DMBT) from the DSR and DMB strains, as described in O'Neill and Karr (1990) . Larval density was standardized at 50 larva per 10 ml vial of media. Adult virgins were collected and aged 3 days prior to initiation of CI assays. Adults were placed in manifolds, accommodating 20 separate single pair matings. Eggs were laid within the manifold on molasses/agar media which was replaced daily. Total eggs laid were counted followed by unhatched eggs 24 h later. CI was calculated as (unhatched/total eggs) £ 100%. CI was analyzed statistically by ANOVA or by Mann-Whitney U-test (StatView 4.51, Abacus Concepts).
